NLO predictions for the production of a spin-two particle at the LHC by Das, Goutam et al.
NLO predictions for the production of a spin-two particle at the LHC
Goutam Dasa, Ce´line Degrandeb, Valentin Hirschic, Fabio Maltonid, Hua-Sheng Shaoe
aTheory Division, Saha Institute of Nuclear Physics, 1/AF Bidhan Nagar, Kolkata 700 064, India
b Institute for Particle Physics Phenomenology, Department of Physics Durham University, Durham DH1 3LE, United Kingdom
cSLAC, National Accelerator Laboratory, 2575 Sand Hill Road, Menlo Park, CA 94025-7090, USA
dCentre for Cosmology, Particle Physics and Phenomenology (CP3), Universite´ catholique de Louvain
eTheoretical Physics Department, CERN, CH-1211 Geneva 23, Switzerland
Abstract
We obtain predictions accurate at the next-to-leading order in QCD for the production of a generic spin-two particle
in the most relevant channels at the LHC: production in association with coloured particles (inclusive, one jet, two
jets and tt¯), with vector bosons (Z,W±, γ) and with the Higgs boson. We present total and differential cross sections
as well as branching ratios as a function of the mass and the collision energy also considering the case of non-
universal couplings to standard model particles. We find that the next-to-leading order corrections give rise to sizeable
K factors for many channels, in some cases exposing the unitarity-violating behaviour of non-universal couplings
scenarios, and in general greatly reduce the theoretical uncertainties. Our predictions are publicly available in the
MADGRAPH5 aMC@NLO framework and can, therefore, be directly used in experimental simulations of spin-two
particle production for arbitrary values of the mass and couplings.
Keywords: LHC, spin-two, QCD
PACS: 12.38.Bx, 14.70.Kv
1. Introduction
After the discovery of the 125 GeV Higgs boson at
the LHC [1, 2], the main task of Run II is to explore
higher energy scales searching for physics beyond the
Standard Model (SM). Evidence for new physics could
be gathered via accurate measurements of the interac-
tions among SM particles or from the detection of new
particles. The existence of new particles at the TeV
scale is widely motivated by both theoretical and ex-
perimental issues of the SM. While no significant evi-
dence for new resonances has been reported at the LHC
so far, searches are actively pursued by the experimental
collaborations with approaches that are as model inde-
pendent as possible [3, 4]. For example, heavy colour-
singlet states of arbitrary spins are searched for in sev-
eral decay channels, including very clean ones (such
as dilepton and diphoton) as well as more challenging
ones, from diboson (WW,ZZ,HZ,HH) to di-jet (with
or without b-tags) and tt¯ signatures. Finally, associated
production with SM particles are also often considered.
Robust interpretations of the corresponding experi-
mental bounds obtained on rates (σ· BR) need model
assumptions on the one hand and accurate and precise
predictions for the cross sections and decay rates, on the
other. Most of the interpretations for spin-0 and spin-1
models are based on next-to-leading and next-to-next-
to-leading order predictions, as these can be easily ob-
tained by generalising SM calculations performed for
the Higgs boson (in the SM or SUSY) and for the vec-
tor bosons.
Interpretations for spin-two resonances, however, are
typically performed via leading order computations,
which due to their low accuracy and precision lead to
a systematic loss in reach. A complementary limitation
also exists for dedicated spin-two searches in the context
of the many theoretical models predict the presence of
massive spin-two resonances. The Kaluza-Klein excita-
tions of the graviton and the composite bound state from
strong dynamics are well-known examples of such sce-
narios. In this case, having accurate predictions can im-
prove the experimental selections and significantly in-
crease the sensitivity of the searches. In addition, having
predictions at hand for other production mechanisms or
decay modes can provide ideas for new signatures to be
looked for, especially in the case of the detection of a
signal.
The aim of this Letter is to provide for the first
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time a complete implementation of the Lagrangian of a
generic spin-two particle so that all the relevant produc-
tion channels for the LHC can be accurately simulated
at Next-to-Leading Order (NLO) in QCD. In this con-
text, accurate predictions and in particular event gen-
erators at least at NLO in QCD and matched to Par-
ton Showers (PS) are necessary to obtain simulations
that can directly be used by the experimental collabo-
rations to allow information to be efficiently extracted
from experimental data. While predictions for generic
classes of bosonic resonances have become available in
the last years, e.g. [5] and several results are known in
the literature [6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17],
a completely general setup for the calculation at NLO
in QCD of processes involving a spin-two particle has
still been lacking. Especially, NLO results with PS ef-
fects are new for almost all processes presented here,
where only the inclusive spin-two particle production in
the universal coupling case is in exception. Moreover,
2 → 3 processes computed here are achieved at NLO
accuracy for the first time in this Letter, while other pro-
cesses like Y2 + H/Z/W are also first available in the
warped dimensional models by taking into account the
QCD corrections. We stress that although the discov-
ery itself could not need such an accurate Monte Carlo
simulation, the characterisation of a new state, from the
determination of its quantum numbers to the form and
strength of its couplings, will require the best predic-
tions to be available to the experimental community.
2. Theoretical framework
We consider the effective field theory of a massive
spin-two particle Y2 interacting with the SM fields. The
kinetic term of Y2 can be described by the well-known
Fierz-Pauli Lagrangian, with the positive-energy condi-
tion ∂µY
µν
2 = 0, and the interactions with SM fields are
(V is a gauge field, while f are matter fields )
LY2V,f = −
κV, f
Λ
TV, fµν Y
µν
2 ,
where TVµν (T
f
µν) are the energy-momentum tensors of V
( f ), respectively, i.e.,
TVµν = −gµν
[
−1
4
FρσFρσ + δmV ,0
(
(∂ρ∂σVσ)Vρ +
1
2
(
∂ρVρ
)2)]
− FρµFνρ + δmV ,0
[(
∂µ∂
ρVρ
)
Vν +
(
∂ν∂
ρVρ
)
Vµ
]
,
T fµν = −gµν
[
ψ¯ f
(
iγρDρ − m f
)
ψ f − 12∂
ρ
(
ψ¯ f iγρψ f
)]
+
[
1
2
ψ¯ f iγµDνψ f − 14∂µ
(
ψ¯ f iγνψ f
)
+ (µ↔ ν)
]
,
where the indices of other possible quantum numbers
(such as colour) are understood and Fµν is the field
strength of V . In the SM, the gauge fields V are
SU(2)L×U(1)Y ElectroWeak (EW) gauge bosons (W, B)
or the SU(3)C gluon g, while the matter fields f are
quarks, leptons and left-handed neutrinos. The gauge-
fixed term proportional to the Kronecker delta function
δmV ,0 in T
V
µν indicates that it is needed only when V is
massless mV = 0 (i.e., V = g, γ). The Y2 can also inter-
act with the SM Higgs doublet Φ via
LY2
Φ
= −κH
Λ
TΦµνY
µν
2 ,
where the energy-momentum tensor TΦµν is
TΦµν = DµΦ
†DνΦ + DνΦ†DµΦ − gµν(DρΦ†DρΦ − V(Φ)) .
After spontaneous symmetry breaking, one gets the
mass eigenstates of EW bosons (Z,W±, γ) and SM
Higgs boson H. In addition, when working in the Feyn-
man gauge and at 1-loop level, the extra interaction of
Y2 and Fadeev-Popov (FP) ghost fields is necessary (e.g.
Refs. [18, 19]),
LY2FP = −
κV
Λ
T FPµν Y
µν
2 ,
where
T FPµν = −gµν
[
(∂ρω¯a)
(
∂ρω
a
)
− gs f abc (∂ρω¯a)ωbVcρ
]
+
[(
∂µω¯
a
)
(∂νωa) − gs f abc
(
∂µω¯
a
)
ωbVcν + (µ↔ ν)
]
,
ω being the FP ghost of the gluon field V = g and gs the
strong coupling constant.
Our implementation builds upon the FEYNRULES
package [20, 21] and the NLOCT program [22] which
are used to generate the UFO model [23] as well as
the counterterms for the renormalisation and the ra-
tional term R2. Some extended functionalities have
been implemented in NLOCT to handle the effective
Lagrangian of a spin-two particle. A point worth of
stressing concerns the renormalisation. With univer-
sal couplings, e.g, κg = κq no extra renormalisation
procedure is needed beyond the usual ones of the SM
as the spin-two current is conserved. On the contrary,
for non-universal couplings, the spin-two current is not
conserved and specific renormalisation constants need
to be introduced to cancel left-over ultraviolet diver-
gences [5]. These extra couplings are renormalised as
δκg =
αs
3pi
TF
∑
q
(
κg − κq
) 1 − γE + log 4pi + log µ2Rm2Y2
 ,
δκq =
2αs
3pi
CF
(
κq − κg
) 1 − γE + log 4pi + log µ2Rm2Y2
 ,
2
by NLOCT, where CF = 43 ,TF =
1
2 . Our implementa-
tion is general and allows for models with non-universal
couplings case to be studied at NLO accuracy. The finite
part of these counterterms identifies the renormalisation
scheme where the couplings κg,q are defined as κg,q(mY2 )
and it is chosen so that these couplings do not run at this
order in perturbation theory.
The corresponding spin-two UFO model [24] is di-
rectly employable in the MADGRAPH5 aMC@NLO
framework [25] to perform phenomenological studies
at NLO QCD accuracy including matching to PS. One-
loop contributions are calculated numerically by the
MADLOOP module [26] with the tensor integrand-level
reduction method [27, 28] that was implemented in
NINJA [29, 30]. The real emission contributions are cal-
culated with the Frixione-Kuntz-Signer (FKS) subtrac-
tion method [31, 32] implemented in MADFKS [33].
Finally, the MC@NLO formalism [34] is employed to
perform the matching between fixed-order NLO calcu-
lations and PS, hence making event generation possible.
3. Production at LHC
We now present predictions for the production of
a spin-two particle Y2 as a function of mass as well
centre-of-mass energy at a hadron collider, for a wide
range of production channels. We will then focus on
the LHC with a center-of-mass energy of
√
s =13 TeV.
The (N)LO total cross sections of various Y2 pro-
duction processes in the universal coupling case (i.e.
κi
Λ
= 1 TeV−1) are given in Table 1 for 500 GeV,
750 GeV and 1 TeV resonance masses and sum-
marised in Figure 1. We also consider the min-
imal “basis” of predictions, the universal couplings
(( κ1
Λ
, κ2
Λ
) = (1, 1) TeV−1). The non-universal couplings
cases (( κ1
Λ
, κ2
Λ
) = (1, 0), (0, 1) TeV−1), where the defini-
tion of κ1 and κ2 are given in Table 2, are discussed later
for the intermediate reference mass point of 750 GeV,
see Figure 2.
We have employed NLO PDF4LHC15 [35, 36, 37,
38, 39, 40, 41] set with 30+2 members to estimate the
PDF and αs uncertainties. Missing higher-order QCD
corrections are estimated by independently varying the
renormalisation scale µR and factorization scale µF be-
tween 1/2µ0 to 2µ0, µ0 being the half of sum of the
transverse masses of the final states. In Table 1, the
quoted uncertainties come from scale variation, PDF
and αs, respectively. Relevant SM parameters are the
top mass mt = 173.3 GeV, the Z-boson mass mZ =
91.1876 GeV, the W± mass mW = 79.82436 GeV, the
electromagnetic coupling constant α−1(mZ) = 127.9,
and zero widths for all particles. For simplicity, we
adopt the 5-flavour scheme and the CKM mixing ma-
trix set to unity.
Cross sections for i) pp → Y2 + j, ii) pp → Y2 + j j
and iii) pp → Y2 + γ require a jet (or photon) defini-
tion and kinematical cuts. The jets are defined by the
anti-kT algorithm [42] as implemented in FASTJET [43]
with R = 0.4. We also require cuts on the transverse
momentum pT ( j) and the pseudorapidity η( j) of jets.
The photon is required to be isolated using Frixione’s
criterion [44], where the isolation parameters used in
Eq. (3.4) of Ref. [44] have been set to γ = 1, n = 1, δ0 =
0.4. Cuts are chosen on a process-dependent basis: i)
pT ( j) > 100 GeV, ii) pT ( j) > 50 GeV and |η( j)| < 4.5
and M( j1, j2) > 400 GeV, iii) pT (γ) > 50 GeV and
|η(γ)| < 2.5.
Several sources of theoretical uncertainties have been
considered. As expected, the PDF and the paramet-
rical αs uncertainties strongly depend on the process.
σ(pp → Y2 + tt¯) suffers from the largest PDF uncer-
tainty, 7% − 8%, which is comparable in size to the
scale uncertainty and due to the relatively poor knowl-
edge of the gluon PDFs at large values of the Bjorken
x. σ(pp → Y2 + tt¯) and σ(pp → Y2 + j j), start-
ing at order α2s , are also sensitive to the αs parametric
uncertainty, while for all other processes it is negligi-
ble. The scale uncertainties in the QCD processes (i.e.,
pp→ Y2+ j,Y2+ j j,Y2+ tt¯) are significantly reduced af-
ter including NLO corrections as expected. We also find
that the estimate of the uncertainties at LO is not reliable
for the EW processes (i.e., pp→ Y2+Z,Y2+W±,Y2+γ).
For the sake of completeness, we have also computed
the production of Y2 in association with the Higgs boson
H. Neglecting the bottom Yukawa coupling, no tree-
level diagrams appear and the leading contribution to
pp → Y2 + H comes from the top-quark Loop-Induced
(LI) diagrams. Exploiting the techniques of Ref. [45],
these contributions can be automatically calculated at
LO in MADGRAPH5 aMC@NLO. As expected, the
resulting cross section σ(pp → Y2 + H) is quite small
compared those of the other processes.
The results in the universal coupling case are pre-
sented in Table 1 and Figure 1 as a function of the res-
onance mass. They show that the K factors for the EW
processes are larger for lower mY2 masses. This can be
accounted for by the new contributions coming from
gluon-quark initial states that appear only beyond LO
and whose importance increase at low Bjorken x. In
the right panel of Figure 1 LO uncertainty bands are in-
cluded and represented by the hatched regions. It is in-
teresting to note that the (N)LO uncertainty bands for
these processes do not overlap, indicating the limita-
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Figure 1: Summary plot of NLO cross sections and corresponding K factors for the various spin-two particle production processes
listed in Table 1, where the scale, PDF and αs uncertainties have been taken into account.
tions of LO computations and the necessity of including
QCD corrections for a reliable Monte Carlo simulation.
The results shown in Figure 2 provide a useful “basis”
to evaluate cross sections for other choices of the cou-
plings which can be written as σ(κ1, κ2) = κ21σ(1, 0) +
κ22σ(0, 1) + κ1κ2(σ(1, 1) − σ(1, 0) − σ(0, 1)). Note also
that since the (N)LO cross sections for single Y2 pro-
duction processes are proportional to Λ−2, one can fix
Λ = 1 TeV and obtain results for other values of Λ by a
simple rescaling.
The same codes that are used for the calculation of
the total cross sections can also be employed as event
generators at NLO accuracy by interfacing them to a PS
program. Decays of the spin-two resonance can be in-
cluded keeping spin correlations either by directly gen-
erating the corresponding process or by using the MAD-
SPIN package [46]. Needless to say, out of a simulated
sample, one can obtain any differential distribution of
interest. For the sake of illustration, distributions af-
ter matching NLO calculations to PYTHIA 8.2 [47] are
presented in Figure 3 for the universal coupling case,
i.e., (κ1, κ2) = (1, 1), with mY2 = 750 GeV as an exam-
ple. Figures 3a and 3b show the transverse momentum
pT (Y2) and pseudorapidity η(Y2) distributions of Y2 for
the nine production processes, respectively. Note that
for inclusive production the accuracy of dσdpT (pp → Y2)
is only at the LO level when pT (Y2) , 0. We stress that,
even though we do not present the results here, inclu-
sive samples with formal NLO accuracy for different jet
multiplicities can be obtained by suitably merging NLO
samples with the corresponding parton multiplicities. In
MADGRAPH5 aMC@NLO this can be done automat-
ically employing the FxFx method [48]. Nevertheless,
one can already see that the curve dσdpT (pp → Y2 + j)
overlaps with dσdpT (pp → Y2) when pT (Y2) > 400 GeV.
In this range dσdpT (pp→ Y2+ j) provides the NLO results
for this observable and indeed one notices that the the-
oretical uncertainty is reduced. The differential K fac-
tors in pT (Y2) are rather constant for the three QCD pro-
cesses, while they tend to increase with pT (Y2) for the
four EW processes. The increase in the latter case is due
to the opening of new partonic channels, quark-gluon
initial states at NLO, while at LO only quark-antiquark
initial states contribute.
We now turn to studying distributions for non-
universal couplings cases. In Ref. [5] it was pointed out
that when κg , κq the spin-two current is not conserved
and 2 → 2 squared amplitudes, such as qg → Y2q,
feature a dramatic growth with the parton level center
of mass energy sˆ, scaling as (κg − κq)2 sˆ3/m4Y2/Λ2. We
have reproduced the corresponding unitarity-violation
curves for pp → Y2 with mY2 = 750 GeV in Fig-
ure 4a. In addition, we show the pT (Y2) distributions
4
mY2 [GeV] Process σ
NLO [pb] σLO [pb] K factor
pp→ Y2 (2.19 × 103)+4.9%−5.5% ± 2.0% (1.60 × 103)+6.2%−5.9% ± 2.7% 1.37
pp→ Y2 + j (5.13 × 102)+2.9%−5.2% ± 3.1% (4.21 × 102)+20.4%−15.9% ± 3.2% 1.22
pp→ Y2 + j j (1.33 × 102)+2.4%−6.4% ± 4.3% (1.21 × 102)+34.7%−24.0% ± 4.3% 1.10
pp→ Y2 + tt¯ (2.01 × 10−1)+18.1%−16.2% ± 6.6% (1.08 × 10−1)+35.8%−24.5% ± 6.2% 1.86
500 pp→ Y2 + Z (8.31 × 10−1)+8.0%−6.4% ± 1.8% (4.60 × 10−1)+2.8%−2.9% ± 2.2% 1.81
pp→ Y2 + W+ (1.56 × 100)+8.0%−6.4% ± 1.9% (8.52 × 10−1)+2.7%−2.8% ± 2.4% 1.77
pp→ Y2 + W− (7.81 × 10−1)+8.3%−6.6% ± 2.6% (4.24 × 10−1)+2.8%−2.8% ± 2.9% 1.84
pp→ Y2 + γ (1.02 × 100)+10.0%−8.0% ± 1.7% (4.24 × 10−1)+1.9%−2.0% ± 2.2% 2.41
pp→ Y2 + H (LI) - (7.37 × 10−4)+34.0%−23.8% ± 5.2%
pp→ Y2 (7.49 × 102)+4.0%−4.0% ± 3.4% (5.59 × 102)+9.2%−8.1% ± 3.4% 1.34
pp→ Y2 + j (2.20 × 102)+2.8%−5.6% ± 3.9% (1.81 × 102)+22.1%−16.9% ± 4.0% 1.22
pp→ Y2 + j j (5.97 × 101)+2.9%−6.9% ± 4.9% (5.33 × 101)+35.4%−24.4% ± 4.9% 1.12
pp→ Y2 + tt¯ (8.50 × 10−2)+17.8%−16.2% ± 7.4% (4.68 × 10−2)+36.4%−24.8% ± 6.9% 1.82
750 pp→ Y2 + Z (4.76 × 10−1)+7.1%−5.8% ± 2.4% (2.98 × 10−1)+4.8%−4.5% ± 2.8% 1.60
pp→ Y2 + W+ (9.38 × 10−1)+7.2%−5.8% ± 2.3% (5.82 × 10−1)+4.7%−4.4% ± 2.8% 1.61
pp→ Y2 + W− (4.26 × 10−1)+7.4%−6.0% ± 3.3% (2.62 × 10−1)+4.8%−4.5% ± 3.6% 1.63
pp→ Y2 + γ (5.74 × 10−1)+9.0%−7.2% ± 2.0% (2.97 × 10−1)+4.0%−3.8% ± 2.3% 1.89
pp→ Y2 + H (LI) - (2.89 × 10−4)+35.7%−24.6% ± 6.3%
pp→ Y2 (3.15 × 102)+3.9%−4.2% ± 4.1% (2.39 × 102)+11.1%−9.5% ± 4.0% 1.32
pp→ Y2 + j (1.07 × 102)+2.7%−5.8% ± 4.7% (8.81 × 101)+23.3%−17.7% ± 4.7% 1.22
pp→ Y2 + j j (2.78 × 101)+2.0%−6.3% ± 5.1% (2.70 × 101)+36.1%−24.7% ± 5.5% 1.03
pp→ Y2 + tt¯ (4.20 × 10−2)+17.5%−16.1% ± 8.0% (2.33 × 10−2)+36.8%−25.0% ± 7.5% 1.80
1000 pp→ Y2 + Z (2.96 × 10−1)+6.4%−5.3% ± 2.9% (2.00 × 10−1)+6.3%−5.7% ± 3.4% 1.48
pp→ Y2 + W+ (6.05 × 10−1)+6.4%−5.3% ± 2.8% (4.07 × 10−1)+6.2%−5.6% ± 3.3% 1.49
pp→ Y2 + W− (2.55 × 10−1)+6.8%−5.6% ± 4.0% (1.68 × 10−1)+6.3%−5.7% ± 4.4% 1.51
pp→ Y2 + γ (3.51 × 10−1)+7.9%−6.5% ± 2.2% (2.07 × 10−1)+5.5%−5.1% ± 2.5% 1.70
pp→ Y2 + H (LI) - (1.25 × 10−4)+36.9%−25.3% ± 7.4%
Table 1: Total cross sections for various spin-two particle production processes with the effective field theory scale Λ = 1 TeV. Results are presented
together with the renormalisation/factorization scale, PDF+αs uncertainties.
Process Couplings set
pp→ Y2,Y2 + j,Y2 + j j κ1 = κg, κ2 = κq,t
pp→ Y2 + tt¯ κ1 = κg,q, κ2 = κt
pp→ Y2 + Z κ1 = κg,q,t, κ2 = κB,W,H
pp→ Y2 + W± κ1 = κg,q,t, κ2 = κB,W,H
pp→ Y2 + γ κ1 = κg,q,t, κ2 = κB,W,H
pp→ Y2 + H κ1 = κg,q,t, κ2 = κB,W,H
Table 2: Definition of the couplings κ1,2 for different processes.
in the non-universal coupling cases for pp→ Y2 + j and
pp → Y2 + Z. Similarly to pp → Y2, the very hard
tails are seen again in the other two processes, high-
lighting the unitarity-violating behaviour of the non-
universal coupling scenarios. We also separate in Fig-
ure 4b the contributions from the different helicity con-
figurations of Y2. The leading unitarity-violation be-
haviour sˆ3/m4Y2/Λ
2 comes from the helicity h = 0
contribution, the h = 1 contributions have a sublead-
ing growth sˆ2/m2Y2/Λ
2, while h = 2 curves are con-
sistent with what is expected from dimension-five op-
erators. The dramatic unitarity-violation behaviour of
the non-universal coupling case underlines the inade-
quacy/incompleteness of any naive effective field the-
ory for a massive spin-two particle [49] and calls for the
implementation of extra mechanisms (such as the intro-
duction of other degrees of freedom) that restore unitar-
ity up to scales Λ parametrically larger than mY2 .
4. Partial decay widths
The LO partial decay widths of the spin-two particle
Y2 to SM particles can be written as
ΓLO(Y2 → f f¯ ) =
κ2fN
f
cm3Y2
160piΛ2
(1 − 4r f )3/2(1 + 83 r f ), f , ν
ΓLO(Y2 → ν f ν¯ f ) =
κ2ν fm
3
Y2
320piΛ2
,
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Figure 2: Summary plot of NLO cross sections and corresponding K factors for the various spin-two particle production processes
in both universal and nonuniversal coupling cases at mY2 = 750 GeV, where the scale, PDF and αs uncertainties have been taken
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(N)LO
σLO
(lower panel).
ΓLO(Y2 → gg) =
κ2gm
3
Y2
10piΛ2
,
ΓLO(Y2 → γγ) =
κ2γm
3
Y2
80piΛ2
,
ΓLO(Y2 → Zγ) =
κ2Zγm
3
Y2
240piΛ2
(1 − rZ)3
(
6 + 3rZ + r2Z
)
,
ΓLO(Y2 → ZZ) =
m3Y2
960piΛ2
(1 − 4rZ)1/2 f (rZ) ,
ΓLO(Y2 → W+W−) =
m3Y2
480piΛ2
(1 − 4rW )1/2 f (rW ) ,
ΓLO(Y2 → HH) =
κ2Hm
3
Y2
960piΛ2
(1 − 4rH)5/2,
where f (rV ) = κ2H + 12κ
2
V +rV (12κ
2
H + 80κHκV − 36κ2V )
+r2V (56κ
2
H − 80κHκV + 72κ2V ) , and we have defined
the dimensionless quantities ri = m2i /m
2
Y2
, N fc is the
colour of f (i.e., N fc = 1 for leptons and N
f
c = 3
for quarks) and κγ = κB cos2 θW + κW sin2 θW , κZ =
κB sin2 θW + κW cos2 θW , κZγ = (κW − κB) cos θW sin θW
with the Weinberg angle θW . The above expressions
have been checked with FEYNRULES and have also
been numerically validated with MADWIDTH [50]. The
prefactors (1 − 4ri)(2l+1)/2 in the massive final state de-
cay modes indicate the (first) angular momentum be-
tween the decayed products. For example, due to the
fact that the Higgs boson H has a spin of zero, the de-
cay Y2 → HH proceeds only through a D-wave, i.e.,
l = 2. For the partial decay widths of the colored
final states (i.e. Y2 → j j and Y2 → tt¯), one can
also easily include the NLO corrections within MAD-
GRAPH5 aMC@NLO framework.
For illustration, we list in Figure 5 the numerical val-
ues for the branching ratios of Y2 in the universal cou-
pling scenario, where the partial widths for Y2 → j j and
Y2 → tt¯ include the QCD corrections with the renor-
malisation scale µR = mY2/2. The branching ratios are
given by assuming that Y2 only decays to SM parti-
cles, and by only considering two-body decay modes
which are relevant and interesting in experimental new
physics searches. In this case, the dominant decay mode
is Y2 → j j. The leptonic decay mode Y2 → `+`− (with
`± = e±, µ±, τ± ) is comparable with Y2 → γγ. The
partial width of Y2 → HH is quite small as it proceeds
through a D-wave decay only.
5. Conclusions
In summary, we have implemented the La-
grangian of a generic spin-two particle in the
MADGRAPH5 aMC@NLO framework. This al-
lows for the first time to perform simulations of
production and decay of a spin-two state Y2 at NLO
QCD accuracy in all the relevant channels at hadron
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Figure 3: Differential distributions for various Y2 production processes by matching NLO calculations with PS program PYTHIA 8.2
with the universal couplings assumption (κ1/Λ, κ2/Λ) = (1, 1) TeV−1: (a) transverse momentum spectrum of Y2 (b) pseudorapidity
distribution of Y2. Y2+H is loop-induced and calculated at leading order. The error bands represent scale and PDF+αs uncertainties.
colliders and in particular at the LHC. They include
Y2 production in association with QCD particles
(inclusive, one jet, two jets and top quark pair) and
with EW bosons (Z,W±, γ). In addition, the cross
section for the LI process pp → Y2 + H is obtained at
LO+PS level. We find that NLO corrections give rise to
sizeable K factors for many channels and greatly reduce
the theoretical uncertainties in general. All results
presented here can be reproduced automatically within
the MADGRAPH5 aMC@NLO framework for both
universal coupling and non-universal coupling cases.
The unitarity-violation behaviour of the transverse mo-
mentum pT (Y2) spectra in the non-universal coupling
case has been investigated and we find that the leading
(subleading) unitarity-violation term comes from the
h = 0 (h = 1) amplitudes. Finally, we also presented
the general expressions of the LO partial decay widths
for Y2 decays into SM particles, and included the NLO
QCD corrections for the decays to colored partons,
Y2 → j j and Y2 → tt¯. Our results can be readily used
in experimental simulations of spin-two searches and
interpretations as well as for other analyses at the LHC,
such as the search for spin-two mediators in simplified
dark matter models.
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